ABSTRACT The volume of the right ventricle can be determined angiographically from its projections in two mutually perpendicular planes. Echocardiographic techniques for measuring right ventricular volume, however, have been more difficult and less successful. In this study, a method was developed for calculating right ventricular volume from two intersecting cross-sectional echocardiographic views: the apical four-chamber and subcostal right ventricular outflow tract views. First 
The purpose of this study was to determine whether right ventricular volume could be assessed with a simple combination of areas and lengths from two crosssectional echocardiographic views that are readily available. The two planes chosen were the apical fourchamber and subcostal right ventricular outflow tract views, which intersect and contain information regarding the right ventricular apex as well as the inflow and 19 20. outflow tracts. '9 20 Initially, postmortem casts of human right ventricles were directly measured in these two planes to determine a relationship for volume.2' Before applying this formula to echocardiographic views of the same objects, hollow latex molds were made from the casts to provide more discrete echogenic interfaces and to circumvent one of the problems of studying solid casts: distortion of the echocardiographic image by variations in the speed of sound passing through different thicknesses of rubber in the cast. Finally, the formula obtained for right ventricular volume was applied to echocardiographic views of the latex molds.
Methods
Materials. Intact human hearts of various sizes were obtained at autopsy from 12 adult patients with and without heart disease. A silicone disk fitted with an injection cannula was sutured into the tricuspid valve orifice, and the pulmonary artery was clamped just above the pulmonic valve. With the heart suspended in normal saline, silicone rubber was injected through the cannula at a pressure of 10 cm water. After the vulcanized casts werc cleaned and dried, their volumes were measured by water displacement.
Each cast was suspended from a stand and coated with a I to 2 mm layer of latex mold-making rubber. The hardened molds were cut along one face and the casts removed. Continuity of the mold surface was restored with sutures and rubber cement (figure 1) .
Measurements. The casts were directly measured in two planes: (1) the apical fhur-chamber plane, passing through the right ventricular apex and the center of the tricuspid valve and perpendicular to the intcrventricular septum and (2) the right ventricular outflow tract plane, passing through the pulmonic valve parallel to the tricuspid valve orifice and perpendicular to the interventricular septumt9 20 (figure 2). The casts were sectioned along a given plane to provide direct measurements of areas and longest lengths and then reassembled to allow study of the other plane (figute 3). area in the apical four-chamber view and the length in the outflow tract view. Similarly, the area in the outflow tract view and the length in the apical view were used to calculate V(OT).
Direct measurements of casts. To fit the data, the constant was chosen as a ratio of small integers. Excellent correlations for both V(AP) and V(OT) were obtained with c -2/3, which also gave a slope of 1.0 for the line relating V(AP) and measured cast volume (table 1; figure 5 ).
Echocardiographic measurements. V(AP) and V(OT) were calculated with the echocardiographic measurements and c = 2/3 as determined from the cast studies (table 2) . Linear regression analysis showed that each of these echocardiographically derived volume estimates correlated well with V., the measured cast volume, as follows (all volumes are in ml): V(AP) figure 6 ). In addition, the two volume estimates from the echocardiographic data correlated well with one another: V(OT) = .90 V(AP) + 3.3, with r -.962 (p < .0001).
The repeated-measures analysis of variance and covariance for echocardiographically derived V(AP), V(OT), and Vm gave an SEE of 5.2 ml.
Discussion
The current study demonstrates that the volume of human right ventricular casts can be accurately asVol. 69, No. 3, March 1984 CAST VOWME CORRELATIONS MEASURED VOLUME Echocardiographic techniques. The application of cross-sectional echocardiography to the problem of right ventricular volume assessment has been relatively recent. Despite the advent of two-dimensional techniques, it has been difficult to obtain readily standardizable views of the right ventricle that furnish a complete circumference.'9 20 The set of two perpendicular views so useful in angiography, and particularly a frontal or 30 degree right anterior oblique equivalent, has been difficult to obtain.
Bommer et al. '3 showed that volumes of human right ventricular casts correlated well with a linear combination of cross-sectional area and maximum short-axis length in the apical four-chamber view. However, they made no claim that this index, computed with information derived from only one plane, actually represented ventricular volume.
Only Saito et al. 14 working with children 6 months to 6 years of age have reported a subcostal frontal-view approximation. Precise borders of the right ventricular apex were often difficult to obtain in this view, which has not been reported in other patient groups. They obtained the outlines of the ventricle in this view and in a roughly orthogonal lateral view similar to that of the outflow tract used in the current study. Application of Simpson's rule or a biplane area-length method to these two outlines provided only moderately good correlations (r = .85) with biplane angiographically determined volumes.
Ninomiya et al. 15 obtained right ventricular volume by Simpson's rule with the apical four-chamber and parasternal short-axis planes in patients after Mustard repair. Although right ventricular ejection fraction correlated well with that from biplane angiography, volumes did not. The two views studied in this limited population are not necessarily perpendicular, and do not include information about the infundibulum. Furthermore, the short-axis view may be difficult to standardize with respect to internal right ventricular references.
Watanabe et al.'6 were able to assess the volume of the right ventricular body -that is, all segments except the outflow tract by applying Simpson's rule to the borders of the ventricle in two perpendicular apical views. Correlation with angiographic ventricular body volume was better for end-diastole than for end-systole. However, to obtain the apical view perpendicular to the standard four-chamber one, they were sometimes forced to use a specially constructed pyramidal form, since similar formulas for volume are predicted by a variety of other models as well. Furthermore, the planes containing A, and L2 are perpendicular in the angiographic derivation, whereas they need not be so related when the methods from our study are used.
It is of interest to rationalize the formula obtained in this study by relating it to the volume of a figure resembling human right ventricular casts. One desirable feature of such a model would be a flattened, crescentic shape. In addition, the figure should appear to taper in a pyramidal fashion when viewed from either the apex or from the vicinity of the pulmonic valve. The similarity of the results of the V(AP) and V(OT) calculations in this study also corresponds to this basic symmetry in two intersecting views.
Although V = 2 A L/3 describes the volume of the prolate ellipsoid shown in figure 7 , A, such a structure does not truly resemble the right ventricle. For this formula to hold, for example, one of the areas used in this study would have to be moved back to the middle of the ventricle, as diagrammed. Any portion of a halfcylinder, half-cone cut along a plane parallel to its long axis will have a volume equal to 2 A L/3 ( figure 7, B) . Such a figure resembles the tapering, crescentic right ventricle, and can be cut along any chord of the circular base to give a relatively flat structure. The same result is obtained when similarly tapering structures with rectangular, trapezoidal, or triangular bases are used (figures 7, C through E). Unlike the actual right ventricular molds, however, these structures taper fully only in one direction and not in a perpendicular one, although the prism-pyramid approaches the form of the right ventricle.
While a pyramid can be constructed to taper in two perpendicular directions, its volume is only A L/3. Results of inspection of human right ventricular casts, however, suggest that the right ventricle has a body giving it a volume larger than that of a simple pyramid. This body segment of the right ventricle can be viewed as beginning at the tricuspid valve orifice and extending a variable distance toward the apex. A model that takes this segment of the ventricle into account can be constructed with the use of a rectangular solid corresponding to the body, topped and flanked by four tapering pyramidal structures ( figure 7, F) . This model is a flexible one; that is, no initial restrictions are placed on the relative dimensions of its various segments. For the purpose of the rationalization, the two perpendicular faces of this model are considered to be roughly equivalent to the apical four-chamber and right ventricular outflow tract views. Setting the volume of this structure to 2 A L/3 puts little restriction on the dimensions of the model, as discussed in the Appendix. The requirement that V = 2 A L/3 regardless of which face is used to obtain the area adds an additional restriction. A similar model (figure 7, G) with only two tapering structures corresponding to the apex and the outflow tract, respectively, is more stringently restricted, in that assigning a value to one of its geometrical parameters determines the value of all the others. Several qualitative results are apparent. First, the rectangular body must occupy at least half the length of each side. This requirement can be compared with that in figure 7 , C through E, in which structures must taper along half their lengths to have a factor of 2/3 in their volume formulas. Second, equation 2 implies that as a,, the area fraction of one side of the body segment, increases, b2, the length fraction in a perpendicular plane, decreases. Finally, a3 is usually very small, so that the allowable ranges of a,, a2, and b2 are generally large.
To relate b1, b2, and d, we expand A1 and V in terms of those variables, and then equate V to 2 A1 L2/3. (11) Equations 9 through 11 describe the relationships between b1, b2, and d, and are plotted in figure 8. Qualitatively, as the length fraction of the body segment in one plane increases, the length fraction in the other plane de- Figure 7 , G is equivalent to figure 7, F with d = 1; therefore, by equation 9 b2 = 1/(1 + bl) (16) Requiring that V = 2 A1 L2/3 = 2 A2 LI/3 implies, as before, that b2 = b1. Finally, applying this equality to equation 16 
